The widespread adoption of the high-yielding semi-dwarf rice variety, IR8, led to the "green revolution" in Asia in the 1960s. The short stature of this variety is due to a loss-of-function of the SD1 gene that encodes a GA20 oxidase-2 (GA20ox-2) which catalyzes late steps of gibberellin biosynthesis. In this study, we investigated how widely sd1 mutations have been employed in the generation of semi-dwarf varieties of rice. Genetic and molecular analyses revealed that the sd1 allele of IR8 has been used in the production of japonica varieties. Sequence analysis of the SD1 locus of 57 semi-dwarf varieties showed that at least 7 sd1 alleles have been used in the breeding of semi-dwarf rice varieties in China, USA and Japan. The utilization of such a high number of different alleles all controlling the same target trait highlights that mutations in GA20ox-2 induce an agronomically advantageous architecture in rice.
Introduction
In the 1960s, the rapid expansion of the world population and dramatic decrease in cultivated lands raised concern that food production would not meet the growing demand, leading to a global food crisis (Khush 1999) . However, the development and widespread adoption of high-yielding semi-dwarf varieties of wheat and rice led to major increases in food production, and consequently large-scale famine was averted. This remarkable achievement was referred to as the 'green revolution' (Hargrove and Cabanilla 1979 , Dalrymple 1986 , Khush 1999 .
A major factor for the success of the green revolution was the introduction of high-yielding semi-dwarf varieties in combination with application of large amounts of nitrogen fertilizer. Nitrogen fertilization is essential for the increase in grain yield, but it also promotes stem and leaf elongation, resulting in an overall increase in plant height. Under high nitrogen fertilization, most conventional varieties of wheat and rice grow excessively tall and are easily flattened by wind and rain resulting in significant yield losses. By contrast, the semi-dwarf varieties respond to fertilizer inputs to produce an increased yield because their short stature confers lodging resistance even under high nitrogen fertilization. This is a major reason why the green revolution could double the crop yield in wheat and rice (Khush 1995) .
IR8, a rice variety known as 'miracle rice', which was developed by the International Rice Research Institute (IRRI), contributed to the green revolution in Asia. IR8 was bred by crossing between a Taiwanese native semi-dwarf variety, Dee-geo-woo-gen (DGWG), which carries the semidwarf 1 (sd1) gene, and an Indonesian good-taste variety, Peta (Hargrove and Cabanilla 1979, Dalrymple 1986) . The resultant IR8 variety showed the semi-dwarf phenotype caused by the sd1 gene. Likewise, the high-yielding varieties Taichung Native 1 (TN1) in Taiwan (Aquino and Jennings 1966) and Tongil in Korea (Suh and Heu 1978) also harbor the sd1 allele from DGWG and contributed to food security in these countries. Similarly, the native semi-dwarf rice variety Jikkoku (Kikuchi et al. 1985) and the γ-ray induced varieties Reimei in Japan (Futsuhara et al. 1967) and Calrose76 in the USA (Foster 1978) carry different sd1 alleles and have been widely used in rice breeding programs in these countries.
The sd1 mutants have been analyzed genetically and physiologically, and these studies have been applied in rice breeding programs (Futsuhara et al. 1967 , Suge 1975 , Kikuchi et al. 1985 . Recently, the SD1 gene was found to encode GA20 oxidase-2 (GA20ox-2) which catalyzes late steps of gibbellerin (GA) biosynthesis (Sasaki et al. 2002a , Ashikari et al. 2002 , Spielmeyer et al. 2002 . There are various determinants for plant height, but a defect of GA is one of the major reasons for the dwarf phenotype. (Hedden and Philips 2000, Sakamoto et al. 2004) . Sasaki et al. (2002a) and Ashikari et al. (2002) concluded that low GA production due to the loss-of-function or reduced function of GA20ox-2 causes plant height reduction in sd1 mutants.
The sd1 allele in IR8, an indica variety, contains a 383 bp deletion from exon 1 to exon 2 which induces a frame shift that creates a new stop codon. It therefore is considered a null allele. On the other hand, the japonica varieties such as Jikkoku, Reimei and Calrose76 carry single nucleotide substitutions in SD1 leading to single amino acid exchanges (Sasaki et al. 2002a , Ashikari et al. 2002 , Spielmeyer et al. 2002 Fig. 1 ). Previously, Koshio et al. (2000) compared the plant height of some isogenic lines of sd1 alleles. Based on the observation that plant height in isogenic lines carrying the sd1 allele from TN1 (identical with the IR8 allele) was lower than that in isogenic lines with the sd1 allele of Reimei suggested that the TN1 sd1 allele was stronger than that of Reimei. In general, native indica varieties are taller than japonica varieties, and the strong sd1 allele has been used in indica breeding to develop semi-dwarf varieties such as IR8. On the other hand, weak sd1 alleles have been selected for producing semi-dwarf japonica varieties such as Jikkoku, Reimei and Calrose76. The results of our molecular analysis indicate that rice breeders apparently recognized the variations of dwarfism among the various sd1 alleles and used the most suitable allele for producing varieties with the desired height (Ashikari et al. 2002) . The question arising is whether the null allele of sd1 cannot be used to introduce a semidwarf phenotype in japonica varieties. In this study, we demonstrated by genetic and molecular analysis that some japonica varieties in Japan contain the sd1 null allele derived from IR8.
So far, four sd1 alleles previously used in breeding programs have been identified (Sasaki et al. 2002a , Ashikari et al. 2002 , Spielmeyer et al. 2002 , but it remains unclear whether these are all that have been employed. If mutations of SD1 generally lead to suitable height of rice, additional sd1 alleles might be selected and used for breeding programs more widely. To answer this question, we determined SD1 sequences of 57 semi-dwarf varieties from China, USA and Japan. We found many semi-dwarf varieties carrying mutations in SD1 and identified 3 additional sd1 alleles.
Materials and Methods

Plant Materials and Growth Conditions
Syu2800, Hokuriku100, Aijiao-Nante and Shirosenbon were kindly provided by Dr. Hiroshi Tanaka, Dr. Fumio Kikuchi and the National Institute of Agrobiological Sciences. Other semi-dwarf varieties used in this study are being maintained in the China National Rice Research Institute and Nagoya University. These varieties were grown under natural field conditions in the research field of Nagoya University, Togo, Aichi, Japan in 2005. Sowing and transplanting were performed on April 27 and on June 9, respectively. Seeds of all varieties were immersed in water for 2 days and were sown in a nursery bed. One-month old seedlings were transplanted to the paddy field with a spacing of 20 × 35 cm.
Sequencing of SD1 gene
To determine the SD1 sequence of semi-dwarf varieties, we amplified SD1 using genomic DNA extracted from these varieties. The amplified DNA fragments were sequenced directly with appropriate primers without cloning.
Detection of deletions by PCR analysis
Genomic DNA was isolated from leaf tissue and used for PCR analysis. The primer sequences were sd1-del-1U; 5′-ACGGGTTCTTCCAGGTGTC-3′ and sd1-del-1L; 5′-CTGCTGTCCGCGAAGAACTC-3′. The amplification program consisted of 94°C for 5 minutes followed by 40 cycles of 94°C for 30 seconds, 62°C for 30 seconds and 72°C for 30 seconds and a final step of 72°C for 7 minutes. The amplified products were separated on 1.2% agarose gels in 1 × TAE buffer and visualized using ethidium bromide and UV.
Genotype analysis
We designed SNP markers with an average distance of about 20 cM on whole rice chromosomes. Genotype analysis was carried out using the AcycloPrime-FP SNP Detection System (PerkinElmer, MA, USA) according to the manufacturer's protocol.
RNA isolation and RT-PCR analysis
Total RNA was isolated from various rice tissues with TRIzol reagent (Invitrogen, Carlsbad, CA, USA). First strand cDNA was synthesized from 2 µg of total RNA using the Omniscript reverse transcription kit (Qiagen, Hilden, Germany). Semi-quantitative RT-PCR analysis was performed to estimate levels of the GA20ox genes transcript; the primer sequences used followed a previous study (Sakamoto et al. 2004) .
Results and Discussion
Use of an sd1 null allele in japonica rice breeding programs Our previous analyses suggested that weak sd1 alleles have been preferentially selected for producing semi-dwarf japonica varieties (Ashikari et al. 2002) . According to the genealogy of some Japanese varieties developed by the Hokuriku National Agricultural Experimental Station (Uehara et al. 1995) , however, it is possible that the sd1 null allele from IR8 has been used for the introduction of semidwarf characteristics into japonica varieties such as Kinuhikari and Dontokoi ( Fig. 2A) . There is another possibility that the dwarf gene of these varieties originated from that of Hokuriku100, which contains the d60 mutation produced by γ-ray irradiation. To establish which dwarf gene was used in these semi-dwarf varieties, we determined the sd1 genotypes of Dontokoi and its ancestors, Kinuhikari and Syu2800, by PCR analysis using primers that amplify the deletion region of the sd1 allele from IR8 (Fig. 2B) . Amplified DNA products were about 500 bp in the wild-type alleles (no deletion allele) and about 120 bp in the IR8 sd1 allele (deletion allele). The amplified DNA products of Syu2800, Kinuhikari and Dontokoi were small (120 bp), resembling that of IR8 (Fig. 2B) . Thus, these varieties carry the deletion allele derived from IR8. The genotype analysis strongly suggests that the semidwarf characteristic of Dontokoi and its ancestors, Kinuhikari and Syu2800, is caused by the mutation of SD1. However, it does not exclude the possibility that Kinuhikari and Dontokoi carry the d60 gene from Hokuriku100. As the D60 gene has not been identified yet, we genetically analyzed the semi-dwarf characteristic of Dontokoi, IR8 and Hokuriku100 by allelism test. If Dontokoi has an sd1 allele (sd1/sd1), F 1 plants derived from the cross between IR8 (sd1/sd1) and Dontokoi (sd1/sd1) should be homozygous for sd1 (sd1/sd1) and show a semi-dwarf phenotype. On the other hand, if Dontokoi has the d60 gene (d60/d60), F 1 plants derived from the cross between Hokuriku100 (d60/d60) and Dontokoi (d60/d60) should be homozygous for d60 (d60/ d60) and show a semi-dwarf phenotype like Hokuriku100. The F 1 plants derived from crosses between Dontokoi and IR8 showed a semi-dwarf phenotype with intermediate height between the parents (Fig. 3A) . This also confirmed that Dontokoi has an sd1 allele derived from IR8. On the other hand, the F 1 plants originating from crosses between Dontokoi and Hokuriku100 were taller than the parents (Fig. 3B) . The allelism tests confirmed that the dwarf gene of Dontokoi originated from the sd1 allele of IR8, but not from d60 of Hokuriku100.
How long chromosome segments from IR8 is introgressed in the Dontokoi genome?
As the dwarfism of Dontokoi is caused by the sd1 mutation derived from IR8, it was of interest to determine the size of the introgressed IR8 chromosome segment in this variety. We performed whole genome genotyping of Dontokoi; we designed several single nucleotide polymorphism (SNP) markers with average distances of about 20 cM on whole chromosomes, and determined the genotypes. In Dontokoi, IR8 genome segments were detected only in the vicinity of the sd1 locus (data not shown). More detailed analysis around the sd1 locus identified a region sandwiched between the two markers, SD1-39 and SD1-46, which were about 2 Mb (11.8 cM) apart. This region contained portions of the indica genome, while the loci at the markers SD1-36 and SD1-50 located outside of the internal markers showed the japonica genotype (Fig. 4) . Thus, Dontokoi contained indica segments of 2 Mbp (11.8 cM) to 2.9 Mbp (13.9 cM) which originated from IR8. As the average gene density of rice chromosome 1 is about one gene per 6.4 kb (Sasaki et al. 2002b) , these segments corresponded to about 310 to 450 genes from IR8.
Expression profiles of other GA20ox genes in Dontokoi
In spite of the previous consideration that the sd1 allele Genealogy of Dontokoi (adopted from Uehara et al. 1995) .
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Detection of the IR8 allele by PCR analysis. The 383 bp deletion of the IR8 allele of SD1 is indicated as a shadow boxes. Primers (arrows) were designed to amplify this region. The expected sizes of the PCR products derived from the wild-type allele (no deletion allele) and the IR8 allele (deletion allele) are about 500 bp and 120 bp, respectively. M, marker; 1, IR8; 2, Fujiminori; 3, Koshihikari; 4, Syu2800; 5, Hokuriku100; 6, Kinuhikari; 7, Dontokoi.
of IR8 might be too strong to be useful in producing semidwarf varieties of japonica rice (Ashikari et al. 2002) , the japonica rice variety Dontokoi shows a suitable height even though it contains the null allele of the SD1 gene from IR8. We hypothesized that the height of this variety may be controlled by other GA20 oxidases that compensate the loss-offunction of sd1, as there are four GA20 oxidase genes in the rice genome (Sakamoto et al. 2004) . To test this hypothesis, we compared the expression pattern of the other GA20 oxidase genes, GA20ox-1, GA20ox-3 and GA20ox-4 in various organs of Koshihikari and Dontokoi (Fig. 5) . Expression patterns in Koshihikari resembled expression patterns described previously (Sakamoto et al. 2004 ); GA20ox-1 and GA20ox-4 were expressed in all organs tested although the levels were lower in the latter, while GA20ox-3 was expressed specifically in flowers (Fig. 5) . In Dontokoi, expression patterns were similar but the expression of GA20ox-1 was increased in the stem. This result suggested that the increased expression of GA20ox-1 in stems of Dontokoi might compensate the sd1 effect at least in part. sd1 alleles in various semi-dwarf varieties The SD1 null allele derived from IR8 has been used to introduce semi-dwarf phenotypes into japonica as well as indica varieties, indicating that loss-of-function of SD1 is not necessarily harmful in japonica rice. We and other group demonstrated that sd1 alleles have been widely used in breeding programs (Sasaki et al. 2002a , Ashikari et al. 2002 , Spielmeyer et al. 2002 . To examine how many sd1 alleles were used for the generation of semi-dwarf varieties and which fraction of semi-dwarf varieties possesses sd1 alleles, we collected 57 semi-dwarf varieties from China, USA and Japan and determined their SD1 sequences. We found six alleles of sd1 ( Fig. 1 and Table 1 ), three of which were previously known as the IR8, Jikkoku and Reimei alleles (Sasaki et al. 2002a , Ashikari et al. 2002 , Spielmeyer et al. 2002 . The remaining three had not been described so far. The sd1 allele from Aijiao-Nante, which was bred in 1956 as the first semi-dwarf variety in China (Yan et al. 2005) , contains a 2 bp deletion in the exon 1 which induces a frame shift and creates a stop codon. The sd1 allele from 9311, which is a paternal variety of the hybrid rice, Liang-You-Pei-Jiu, and the major rice variety grown in China and many Asian-Pacific regions (Bao et al. 2005) , has a single nucleotide substitution in the exon 3 which creates a stop codon. Similarly, the sd1 allele from Zhaiyeqing 8 has a single nucleotide substitution in the exon 2, but here this induces an amino acid exchange (Fig. 1) .
Of the 57 semi-dwarf varieties examined, 38 carried an sd1 allele that probably controls their semi-dwarf phenotype (Table 1 ). In total, we found the astonishing number of 6 different sd1 alleles in the semi-dwarf varieties. These results clearly demonstrate that the SD1 mutations can produce an ideal architecture in rice and have been widely used to produce semi-dwarf phenotypes in both japonica and indica rice varieties.
